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Edited by T KraaijSouth Africa has a major problem with invasive plant species. Many species have long residence times, are well
established, and have large invasive ranges, whereas others are still in the early stages of invasion. Predicting the
full extent of invasions for species that have only recently started spreading is important for guidingmanagement
strategies. Ailanthus altissima is a widespread invasive species in many parts of the world. Although it has had a
long residence time in South Africa, it is yet to replicate the extent of invasiveness andmajor impacts reported for
the species in other parts of its adventive range.Wemapped the countries inwhich A. altissima has been reported
and evaluated the invasion status of the species in each (i.e. the position of the species on the introduction-
naturalization-invasion continuum as conceptualized by Richardson and Pyšek, 2012).We thenmapped the cur-
rent distribution inmore detail for South Africa. The species is known to be present in at least 51 countries and is
invasive in 23 countries. Ailanthus altissima is present in all South African provinces except Limpopo and is most
common and abundant in the Western Cape, Gauteng, Eastern Cape, and the Free State. We applied species
distribution modelling using global distribution data to determine parts of the world, and in particular regions
within South Africa, that are climatically suitable for the species. Large parts of Africa are potentially invasible
by this species. Seven regions in South Africa were identified as high-risk areas for invasion by A. altissima. The
species is already far too widespread in South Africa for eradication at the national scale to be feasible. A national
strategy for managing the species should focus on: 1) early detection and rapid response in areas identified as
climatically suitable and where the species is not already present; and 2) local and regional-scale initiatives
based on objective prioritization in terms of feasibility of management success and asset protection.
© 2017 SAAB. Published by Elsevier B.V. All rights reserved.Keywords:
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The rise of global trade and long-distance transportation has result-
ed in an exponential increase in the number of invasive alien species
globally (Lockwood et al., 2013). Some invasive species cause ecological
and economic damage in invaded ecosystems and threaten biodiversity,
human-wellbeing and ecosystem functioning (Pyšek and Richardson,
2010).
Trees were only acknowledged as major invasive species during the
early 1980s, but there has been a rapid increase in the number of
invasive alien trees, the extent of invasions, and the magnitude and
types of impacts in recent decades (Richardson and Rejmánek, 2011;
Richardson et al., 2014). A recent global review of invasive alien trees
and shrubs listed 751 species from 90 families (Rejmánek and
Richardson, 2013).
South Africa has a major problem with invasive alien plant species
(Richardson et al., 1997; Henderson, 2007). By 2010, South Africa had
at least 8750 introduced plant taxa, of which 660 were recorded as nat-
uralized and 559 as invasive (Wilson et al., 2013). Many are well
established while many others are still in the early stages of invasion
(Nel et al., 2004; Mgidi et al., 2007). Woody plant species are very
well represented in national and regional lists of invasive plant species
in South Africa, and species in the genera Acacia, Hakea, Eucalyptus,
Pinus and Prosopis are the dominant invasive plant species in many
parts of the country (Richardson et al., 1997). Most of these species
have long residence times (N100 years) and have been widely planted
in the country (Wilson et al., 2007). Many other alien tree species,
some of them also with long residence times, have not yet become
widespread invaders. Some of thesewill probably never become impor-
tant invaders, but others are likely in the lag phase between introduc-
tion and rapid spread that characterizes many invasions. Quantifying
this invasion debt (sensu Rouget et al., 2015) is crucial for informing
management strategies. Limited resources mean that control efforts
need to be carefully prioritized (Nel et al., 2004; Van Wilgen et al.,
2011, 2012).
There are three broad approaches to managing invasive species:
1) prevention of introductions; 2) eradication of small isolated
invasions; and 3) management of established populations through
containment, impact reduction or value addition (Wilson et al., 2013).
Although preventing the entry of invasive species is the most effective
way of limiting the impacts associated with invasive species, limited re-
sources are allocated to prevention in most parts of the world (Wilson
et al., 2013). It is thus important to detect invasions early and
implement control measures rapidly to prevent widespread impacts
(Wilson et al., 2013). Identifying suitable areas for invasionwill improve
search efficiency, reduce costs, and enable early detection of popula-
tions before they spread. In South Africa this approach has been applied
to the invasive tree species Acacia stricta (Kaplan et al., 2014) and
Melaleuca parvistaminea (Jacobs et al., 2014).
There ismuch to learn about the invasive potential of a given species
in a particular area by examining the invasion ecology of the species
elsewhere (e.g. Richardson et al., 2008, 2015). Besides dealingwith cur-
rentwidespread invasive species, it is also important to identify invasive
species that have become major weeds globally (especially in regions
with similar climatic and environmental conditions to those that exist
in the area in question) but which have not yet replicated such levels
of invasion. This paper focusses on assessing the biogeography,distribution and habitat suitability of Ailanthus altissima, a tree native
to China which has been introduced to many parts of the world
(Kowarik and Säumel, 2007). The species is currently a widespread in-
vasive species throughout Europe (Kowarik and Säumel, 2007;
Cabra-Rivas et al., 2016) and the United States, particularly in urban
areas (Albright et al., 2010). Its distribution and invasion status in
other regions towhich it has been introduced have been less thoroughly
assessed. This paper reviews the distribution and status of A. altissima
following its introduction to areas outside its native range globally and
assesses its current and potential status in SouthAfrica. Current invasion
foci of A. altissima in southern Africa are identified and predictions are
made regarding its potential range in the country.
2. Methods
2.1. Study species
Ailanthus altissimaMill. Swingle (Simaroubaceae; tree of heaven) is a
deciduous, dioecious tree species that is native to Chinawhich has been
introduced to all continents except Antarctica (Kowarik and Säumel,
2007). The species has many characteristics typical of successful inva-
sive species (Knapp and Canham, 2000) including prolific seed produc-
tion, rapid juvenile growth that often forms dense impenetrable stands
(Burch and Zedaker, 2003), a tolerance for harsh weather conditions
and high levels of atmospheric pollution (Lawrence et al., 1991), and
the ability to resprout vigorously after disturbance (Kowarik, 1995;
Kowarik and Säumel, 2007; Constán-Nava et al., 2010). It is a popular
ornamental plant in urban areas in many parts of the world and has
also been widely used for roadside restoration (Kowarik and Säumel,
2007; Constán-Nava et al., 2010). In its adventive range A. altissima is
most abundant in urban areas where it mainly occurs in disturbed
sites, degraded fields, and along roads and water courses (Kowarik
and Säumel, 2007; Constán-Nava et al., 2010).
2.2. Assessment of the global distribution of Ailanthus altissima
A global map was created in ArcMap 10.3.1 to show the countries in
which A. altissima is native, introduced, naturalized and invasive. Distri-
bution data were collated from many sources. The Global Biodiversity
Information Facility (GBIF), Centre for Agriculture and Biosciences
International (CABI), the Global Invasive Species Database (GISD) and
Delivering Alien Invasive Species Inventories for Europe (DAISIE) were
the primary sources of data. Data were also sourced from a search of
the literature and the internet. After editing to remove obviously
incorrect localities (e.g. from the ocean) the final data set comprised
11,462 localities.
The term ‘invasive’ is often used loosely in the literature dealingwith
alien plant species (Pyšek et al., 2004); this is certainly the case for the
data sources and publications dealing with A. altissima. It was therefore
difficult to discern the invasion status of A. altissima at all localities in its
adventive range [i.e. the position of introduced populations on the
introduction-naturalization-invasion continuum as conceptualized by
Richardson and Pyšek (2012)]. We categorized all data points following
the criteria proposed by Pyšek et al. (2004) and Richardson et al. (2011)
as follows: “native” (within the native range); “introduced” (all records
outside the native range where there is no evidence of naturalization
or invasion); “naturalized” (where there is evidence of localized
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where the species has spread substantial distances from initial introduc-
tion sites and where at least five publications/online sources identify
A. altissima as an invasive species and/or where we found evidence of
at least two active management programmes targeting A. altissima).
2.3. Distribution in South Africa
We mapped the current distribution of A. altissima in South Africa
using all available data sources. A total of 88 high-precision records
recorded to the nearest second using a GPS were available from the
South African Plant Invaders Atlas (SAPIA) database (for details of
SAPIA, seeHenderson andWilson, 2017). Additional datawere obtained
from the City of Cape Town's Invasive Species Unit, the South African
National Biodiversity Institute's (SANBI) Invasive Species Programme
(ISP), several herbaria, and from the online biodiversity website iSpot
(http://www.ispotnature.org/). Additional data points were collected
during surveys in the Western Cape, Gauteng, and KwaZulu-Natal
provinces during 2015. An article published in the popular magazine
Veld & Flora (December 2015 issue) yielded 12 new locality records.
Records were edited to remove duplicates and obviously erroneous
entries. 375 records were thus collated and used to produce a map
layer in ArcMap 10.3.1.
2.4. Species distribution modelling
All occurrence data that encompasses the native, introduced,
naturalized and invasive ranges of A. altissima were used to develop
this model. Many of the records for this species are from urban areas
which are highly modified environments (Pickett et al., 1997; Grimm
et al., 2008). This could lead to prediction errors in the model such as
over- or under-estimation of the potential range (Fielding and Bell,
1997). For this study, however, we identified the potential range of
the species based solely on climate as a first approximation in defining
the potential range of the species. All duplicate records in 10-min grid
cells were removed; this left 4644 unique values for the global data
set, and 375 for the SouthAfrican data set.MaximumEntropyModelling
(MaxEnt) was used to identify the potential range of A. altissima based
on climatic suitability. MaxEnt takes as input a set of layers or environ-
mental variables (such as climate in this instance), as well as a set of
georeferenced occurrence locations, andproduces amodel of the poten-
tial range of any given species (Phillips et al., 2006). The software eval-
uates the suitability of each grid cell as a function of all environmentalFig. 1. Countries where Ailanthus altissima has been reported as an introduced, naturalized an
Global Biodiversity Information Facility (GBIF: http://www.gbif.org/); Centre for Agricultur
Database (GISD: http://www.iucngisd.org/gisd/); Delivering Alien Invasive Species Inventoriesvariables in that cell (Ficetola et al., 2007) and provides a suitability
value that ranges from 0 (unsuitable) to 100 (optimal) (Phillips et al.,
2006). Recent comparisons have shownMaxEnt to be themost effective
method for predicting species distribution using presence-only data
(Ficetola et al., 2007). Five climatic variables at 10 arc-minute spatial
resolution were downloaded from WorldClim (http://www.
worldclim.org/). We used the following climatic variables: maximum
temperature of the warmest month; minimum temperature of coldest
month; precipitation of wettest month; precipitation of driest month,
and precipitation seasonality (coefficient of variation). Ailanthus
altissima's ability to tolerate a broad range of climatic conditions
(Kowarik and Säumel, 2007) provided the reasoning for the selection
of these five climatic variables. MaxEnt user-specified parameters
and their default valueswere used to develop thismodel; these include:
convergence threshold = 10−5, maximum iterations = 1000,
regularization value β=10−4, and the use of linear, quadratic, product
and binary features (Phillips et al., 2006).3. Results
3.1. Current global distribution
Ailanthus altissima is native to China (Fig. 1). Some studies have
added northern Vietnam to the native range of the species (Kowarik
and Säumel, 2007), but most publications and online databases delimit
the native range within China (see Miller, 1990; Knapp and Canham,
2000; Ding et al., 2006). The species has been moved widely around
the world and is now introduced in at least 51 countries. Its country-
level adventive range as delimited in this study is slightly larger than
that depicted by Kowarik and Säumel (2007) who did not record the
species in Canada, Libya and Russia whereas we found evidence of its
presence in these countries. We found evidence of A. altissima naturali-
zation in 48 countries, and it is clearly invasive in 23 countries. Ailanthus
altissima is most prolific and widespread as an invasive species in
Europe (25 countries and 54% of the total introduced range). This is
followed by Asia (including Israel, Turkey, Armenia and Palestine in
the Middle East) with 13 countries. Ailanthus altissima is listed as an in-
troduced species in six African countries (South Africa, Lesotho, Algeria,
Tunisia, Morocco and Libya), two South American countries (Chile and
Argentina), and in Australia and New Zealand. The species has been in-
troduced to three countries in Central and North America: Canada,
Mexico and the USA.d invasive species. The native range of the species is also indicated (information sources:
e and Biosciences International (CABI: http://www.cabi.org/); Global Invasive Species
for Europe (DAISIE: http://www.europe-aliens.org/)).
Fig. 2. The potential distribution of Ailanthus altissima based on climatic suitability.
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troduced species, it occurs as a widespread invader in 23 (Fig. 1). It is
widely invasive throughout most of Europe, and 16 of the 23 countries
where it is invasive are within the European Union. Ailanthus altissima
is extensively invasive in four Asian countries (including Israel in the
Middle East) and in Australia, South Africa and the USA.Fig. 3. The current distribution of Ailanthus altissima in South Africa (dots) and the potential ran
using global locality data. WC = Western Cape; NW = North West; LP = Limpopo; MP = M
indicates more suitable climatic conditions.3.2. Potential global distribution
Both the northern and southern temperate zones appear most
suitable for future A. altissima invasion (Fig. 2). No areas within the
equatorial zone are climatically suitable for the species. Almost all of
western Europe, extending to the western boundary of Russia, appearsge of the species based on climatic suitability derived from species distribution modelling
pumalanga; GP = Gauteng; KZN = KwaZulu-Natal; EC = Eastern Cape. Darker shading
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southern regions of Norway and Sweden, the rest of Europe that falls
within the climatically suitable range which already has naturalized
populations of A. altissima. Large portions of Mexico and theUSA appear
suitable for A. altissima invasion, as do the eastern parts of Canada. These
regions currently all have naturalized populations of A. altissima. In
South America, Argentina, Bolivia, Chile, Peru, and the southern portion
of Brazil are all suitable for future invasion. Argentina and Chile are the
only two countries for which we found records of naturalized popula-
tions of A. altissima in South America, suggesting that the species has
much potential for expanding its distribution. Most of southern Africa
appears to be climatically suitable for invasion, as do the extremenorth-
ern parts of Africa. In particular, Botswana, Namibia, Morocco, Lesotho,
Swaziland and Zimbabwe all appear to be susceptible to invasion. As
far as we know the species is only naturalized in three African countries
and present in another three (Appendix S1).Most of central Asia includ-
ing Nepal, Mongolia, South and North Korea and Japan, all appear to be
climatically suitable for A. altissima. Eastern parts of Australia as well as
New Zealand appear to be highly climatically suitable. Western
Australia however appears to be moderately climatically suitable.
3.3. Current and potential distribution in South Africa
Within South Africa, A. altissima is most abundant and widespread
throughout the province of Gauteng (Fig. 3). It is also widespread in
the southwestern part of the Western Cape, especially in and around
the cities of Cape Town and Knysna, and in the Eastern Cape, Free
State (especially along the border with Lesotho) and Mpumalanga
provinces. It has a scattered distribution in the NorthWest and Northern
Cape provinces. We found only two records from KwaZulu-Natal.
Areas that can be flagged as likely localities for future A. altissima
invasions based on climatic suitability are: 1) central Western Cape;
2) central North West; 3) central and eastern regions of Limpopo;
4) eastern regions of Mpumalanga bordering on Gauteng; 5) northern
regions of KwaZulu-Natal near the borders with the Free State and
Mpumalanga; 6) central to northern parts of the Eastern Cape; and
7) coastal regions in parts of the Eastern and Western Cape provinces.
4. Discussion
4.1. Current global distribution
The native range of A. altissima covers large portions of China
(Kowarik and Säumel, 2007). The adventive range of the species ex-
tends across all continents except Antarctica. Ailanthus altissima has
spread rapidly around the world, facilitated by human-mediated trans-
fer of seeds and widespread plantings. Most of the 13 Asian countries
surrounding China have records of naturalized A. altissima populations.
It is likely that cross-border transport of seeds and root and stem frag-
ments resulted in the species spreading and becoming established in
these countries (Shafiq and Nizami, 1986), but records do not give
dates of introduction.
Ailanthus altissima was introduced to Europe in 1751 (Feret, 1985)
and has spread across western Europe (Bacon et al., 2012). Until the
1980s, the species colonized parts of central Europe with warmer
summers, but it has now colonized cities with colder climates and
coastal cities (Kowarik and Säumel, 2007 and references therein).
Within urban areas in Europe, A. altissima is mostly confined to inner-
city areas, although in warmer parts of Europe the species is common
in both cities and rural sites (Kowarik and Säumel, 2007).
The spread of A. altissima in North America originated from three
deliberate introductions (Burch and Zedaker, 2003). The species is cur-
rently invasive in at least 31 states of the USA and occurs across a broad
range of elevations and climatic conditions (Feret, 1985). The North
American distribution pattern differs significantly from that in Europe,
with A. altissima colonizing a broad habitat range that includes easternhardwood forests and cities (Kowarik and Säumel, 2007). The species
has also spread into both Canada and Mexico where it is naturalized
(Meloche and Murphy, 2006). Very little work has been done on
A. altissima elsewhere in its adventive range.
4.2. Potential global distribution and invasion debt
Although species distribution models (SDMs) have been widely
used to determine the potential range of invasive species (Gallien
et al., 2012; Cabra-Rivas et al., 2016; Hui and Richardson, 2017),
selecting appropriate environmental variables to use at different spatial
scales is a contentious issue (Guisan and Thuiller, 2005). Climate is
clearly a key factor defining the range limits of invasive species globally
(Theoharides and Dukes, 2007) and climatic variables must be consid-
eredwhen determining the potential range of an invasive plant species.
Other factors such as biotic interactions with native communities,
human influence and the ability to disperse also influence the outcome
of introductions at local scales (Ficetola et al., 2007). Climatic variables
alone are, however, widely used to develop SDMs to give a first approx-
imation of the potential distribution of a species (Pearson and Dawson,
2003; Richardson and Thuiller, 2007).
Although A. altissima is currently naturalized in only three African
countries (South Africa, Lesotho and Algeria), based on climatic suitabil-
ity Africa appears to be the continent most susceptible to further
invasions. Southern Africa, including Botswana, Namibia, Swaziland
and Zimbabwe, appears to be the region most susceptible to invasion
on the continent. However, parts of these climatically suitable regions
are not likely to be invaded unless propagules are transported to these
regions by humans and some of these regions have relatively low
population densities, which could reduce the likelihood of invasions.
The only country outside southern Africa that appears to be highly sus-
ceptible to A. altissima invasion is Morocco. All the countries that are
most susceptible border the three countries that currently have natural-
ized populations of A. altissima.
4.3. Current and potential distribution in South Africa
South Africa has six broad climatic zones: 1) cold interior; 2) temper-
ate interior; 3) hot interior; 4) temperate coastal; 5) sub-tropical coastal;
and 6) arid interior (Conradie, 2012). Ailanthus altissima is currently
confined to the temperate coastal zone in the Western Cape and is split
between the sub-tropical coastal and temperate interior zones in the
Eastern Cape. The remainder of the current range in South Africa falls
within the cold interior and temperate interior zones which include
large parts of both the central high plateau (Highveld) and the Great
Escarpment.
The species occurs along the northern and western borders of
Lesotho where it is abundant. It was previously cultivated in Lesotho
for rehabilitation of erosion gullies, and as a common rangeland tree.
Cross-border spread of the species into South Africa in the absence of
border control policies (Peberdy, 2001) resulted in the current distribu-
tion pattern. The species is no longer actively cultivated in Lesotho
(Leslie et al., 1992). A clustered population occurs in the north-eastern
part of Mpumalanga which borders the Kruger National Park, where
most invasive alien plant species were either introduced unintentional-
ly along rivers and roads, or intentionally for use as ornamental plants
(Foxcroft et al., 2007, 2008).
The potential distribution of the species seems to correspond with
two of the six clusters of invasive alien plants in South Africa defined
on geographic distribution (Rouget et al., 2015): cluster 1 (species pre-
dominantly confined to the grassland biome) and cluster 6 (species that
commonly occur in the fynbos biome).Ailanthus altissima predominant-
ly invades urban areas in large parts of its global invasive range
(Kowarik and Säumel, 2007). Consequently, it is difficult to evaluate
its current broad distribution compared with the patterns of the ‘alien
biomes’ defined by Rouget et al. (2015) based on distribution patterns
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ic factors did not emerge as being important in separating clusters for
the 69 invasive plants included in the study by Rouget et al. (2015).
Ailanthus altissima iswell adapted to thrive in human-modified environ-
ments and further work is required to elucidate how factors associated
with human-dominated landscapes interact with broad climatic factors
to define habitat suitability for this species in South Africa.
There is a strong agreement between the current distribution of
A. altissima in South Africa and the climatically-derived potential range
based on the global distribution of the species. Ailanthus altissima is,
however, absent from somepotentially highly suitable sites. The species
has had a long residence time in South Africa (at least 183 years;
Henderson, 2006). It could be that A. altissima has had a limited ability
to spread from seed in South Africa, or that female treeswere historical-
ly selected for cultivation over male trees due to the unpleasant odour
that male trees emit (Miller, 1990). Experimental work is required to
determine the relative importance of spread by seeds versus suckering
in South Africa.
The large number of distribution records used from the northern
hemisphere, including both natural or semi-natural habitats and
urban locations, probably integrates the broad-scale habitat require-
ments of the species adequately to allow for a robust preliminary assess-
ment of the potential of the species to expand its range further in South
Africa. We therefore predict substantial further spread of this species
which is still categorized as an emerging invader in the country
(Wilson et al., 2013). Containment and impact reduction are the most
appropriate tactics for emerging invaders, the ultimate goal being to re-
duce the measurable impacts to acceptable levels in invaded areas and
to prevent spread of the species into unoccupied areas (Van Wilgen
et al., 2011). In terms of spatial prioritization, it is important to:
1) focus on eradication in sparsely populated areas; and 2) prioritize
control efforts in high-impact areas (VanWilgen et al., 2011).
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